Epidermal growth factor receptor (EGFR) is well known as an early biomarker for many cancer types. The sensitive and selective detection of EGFR can help in early diagnosis of cancer. We demonstrate a nanopore-based resistive pulse-sensing technique to selectively detect small amounts of EGFR from a mixture. An anti-EGFR aptamer was used to impart selectivity in the sample solution. The shift in translocation dwell time of samples, with and without a bound anti-EGFR aptamer, was used to detect EGFR. EGFR with the bound aptamer resulted in translocation dwell times that were about 23% shorter than those for EGFR alone, indicating a greater net charge for the complex. Thrombin was used as a control to demonstrate the high specificity of the aptamer for EGFR that enabled differentiation between similar-sized proteins. The use of anti-EGFR aptamer as a targeting agent makes the label free detection of EGFR possible without nanopore surface modification or functionalization.
I. INTRODUCTION
surface functionalization that has limited shelf-life and require sophisticated laboratory facilities. Development of new approaches for pointof-care (POC) detection of protein biomarkers is a pressing need in early cancer diagnosis. Devices for POC must be ultrasensitive, fast, accurate, low priced and should be easy to use [11] . One candidate technology that has recently emerged as a potent single molecule detector is the solid-state nanopore [12] [13] [14] [15] [16] [17] based on the resistive-pulse enumeration. When a molecule hinders the ionic flow through the nanopore, it registers a unique electrical pulse in the baseline ionic current trace. Analysis of these electrical pulses can be used to determine size and charge of molecules [12] , length of nucleic acids [14, 18] , protein size [19, 20] , folding state [20, 21] and molecular agglomeration [22] . They can also be chemically modified [15, 23] for detection of specific biomarkers [17, 24] and toxic agents [25, 26] .
Biological nanopores are unstable and their measurement setup is tedious due to their small fixed diameter (1.5 -3.6 nm); only polypeptides or denatured proteins are able to translocate through these [27, 28] . Moreover, preparation of large-scale EGFR detection and enumeration promises early cancer detection [1, 2] and the ability to monitor therapy and prognosis [3] [4] [5] . Elevated levels of EGFR expression in patients' serum is a strong prognostic indicator for many tumor types [6] [7] [8] . For example, Quaranta et al. reported the mean EGFR level in brain cancer patients' sera to be nearly twice than that of healthy subjects [9] . The total concentration of EGFR in patient serum is very small (ng/ml) and can be easily obscured by the biological noise. These facts highlight two major challenges in detection of EGFR expression levels from patients' serum: first, a useful biosensor should have molecular level sensitivity, and second, it should have very high specificity. In last couple of decades, a variety of detection assays for proteins have been developed using fluorescence, electrochemical, colorimetric, chemiluminescence and surface plasmon resonance means [3, 10] . Many of these assays lack the sensitivity and specificity required for the quick detection of physiologically relevant EGFR levels. Enzyme-linked immunosorbent essay (ELISA) can detect in the range of ng/ml to pg/ml but it requires protein nanopore arrays faces technical challenges [12] . On the contrary, solid-state nanopores are compatible with proteins of any conformation and size due to the tunable dimensions. These have been successfully used to detect proteins of various sizes and stochastic sensing of proteins [14] . The current approaches have some disadvantages. First, single-ligands functionalized nanopore can only detect one type of target protein; proteins not recognized by ligands are not detected at all. If several proteins need to be simultaneously identified, a number of ligands should be respectively immobilized on separate nanopores [29, 30] . This means multiple copies of samples and multiple sets of nanopore frameworks need to be prepared for signal collection, analysis and calibration. Although technically feasible, such strategies for multiplexed protein detection require tremendous workload and would be unreliable from the noise and system artifacts. In addition, due to different sizes of proteins, the nanopore diameters would need to be precisely tuned in order to accommodate each analyte. If the proteins of interest have broad range of sizes, that would be another challenge to decide on nanopores with suitable diameters. Another challenge is the immobilization of the specific ligands onto the inner walls of the nanopore. Surface functionalization at such small size scales is not trivial and is expected to result in insufficient immobilization sites and heterogeneous grafting especially when irregular surfaces result into various charge distributions and variations in the nanopore stoichiometry [12, 29, 30 ]. An ideal solid-state nanopore system should be able to simultaneously and quickly identify target proteins in a multiplexed fashion from a single miniscule sample ( Fig. 1 (a) ). Such detection should be performed, from initial system setup to final data report, on one framework. This paper reports solid-state nanopores as single-molecule sensors [31] [32] [33] for detection and enumeration of EGFR at POC settings. To keep the process simple, instead of using a functionalized nanopore [34] , a bare nanopore was used and insolution binding of EGFR with anti-EGFR aptamer was used to impart selectivity [35] . Anti-EGFR aptamer is very selective and has high affinity for EGFR [36] . Aptamer binding to the protein altered the overall charge and mass of the complex as compared to the unbound EGFR [37] . Since the speed of the translocating species strongly depended upon its charge [38] [39] [40] , attachment with aptamer altered the translocation time for EGFR. This change was readily identified from the analysis of registered pulses. As a negative control, the experiments were done with human α-thrombin protein. With thrombin, no change was observed in the translocation time after incubating the protein with the anti-EGFR aptamer.
II. RESULTS AND DISCUSSION
Current-voltage (I-V) characteristics of the nanopore in 20 mM Tris-acetate (pH 8.2) + 5 mM Mgacetate + 1 mM K-acetate are shown in Figure 1(b) . Conductance of the nanopore was found to be 2.5 µS by a linear fit to the data. For the voltage range of -100 mV to +100 mV, linear I-V characteristics were observed [41, 42] . Open pore current for the nanopore at 50 mV applied bias is shown in Figure  2 (a).
EGFR was introduced into the negative side of the nanopore. EGFR translocation resulted in significant current blockage events. A snapshot of the nanopore current trace with EGFR is shown in Figure 2 (c). These pulses were recorded at 50 mV bias applied across the nanopore. Very uniform current pulses were observed in terms of translocation time and peak amplitude. EGFR translocation through the nanopore registered characteristic current pulses with average peak amplitude of 0.9 ± 0.21 nA and average translocation time of 80 ± 4.06 µs (Table 1) . Only one population of events was observed for the peak amplitude versus the translocation time for EGFR translocation through nanopore at 50 mV as shown in Figure 2 (d).
In the next set of experiments, again EGFR was introduced into the negative side of the nanopore for translocation but this sample was incubated with anti-EGFR aptamer for a certain period. The conditions of EGFR and anti-EGFR aptamer incubation are given in the experimental section. This time again, significant current blockage events were observed. There were, however, two distinct types of pulses now (Figure 3(a) ). The two types of pulses were not very different in terms of their peak amplitudes but they were remarkably different in terms of their translocation times. The two types of pulses were different from each other by 22.5% with respect to their average translocation times and 18.2% in terms of their average peak amplitudes.
One of the two types of pulses were exactly similar (i.e. same translocation time and peak amplitude) to those that were observed for EGFR-only translocation. The second type of pulses had shorter widths i.e. higher translocation speed, and larger peak amplitudes i.e. more pore blockage, when compared to those for pulses associated with EGFR translocation without incubation with the aptamer. The second type of pulses stemmed from the translocation of the complex. The complex translocation through a 40 nm wide and 40 nm thick solid-state nanopore under an applied voltage of 50 mV registered pulses with average peak amplitude of 1.1 ± 0.18 nA and average translocation time of 62 ± 5.24 µs. The presence of two distinct types of populations can be clearly seen in Figure 3(d) . Another important point to notice from this scatter plot is that the events frequency is not the same for the two types of pulses. There are much more events of EGFR translocation as compared to that of complex translocation. One plausible reason for that could be the abundance of unbound EGFR as compared to the EGFR-aptamer complex. To systematically prove this hypothesis, a titration series was conducted in which the molar concentration of EGFR was kept constant and the molar concentration of anti-EGFR aptamer was gradually increased. Figures 3(b) and 3(c) show the 10 sec current traces when EGFR was incubated with 4 µM and 10 µM anti-EGFR aptamer, respectively. For each case, blockage events are plotted on a scatter plot of translocation time versus peak amplitude (Figures 3(e) and 3(f) ). A gradual increase in the event frequency for complex translocation was observed as the molar concentration of aptamer increased. The effect was opposite on the event frequency of EGFR translocation. It kept on decreasing. This shifting signal from event population of EGFR to that of complex, with the increase in aptamer concentration, indicated that many more EGFR molecules were binding to aptamer and forming complexes as the aptamer concentration increased. In the first experiment with the complex translocation, there were plenty of unbound EGFR molecules present in the sample (Figure 3(d) ). The number of unbound EGFR reduced as the aptamer concentration increased and ultimately very few unbound EGFR molecules were left (Figure 3(f) ).
One might think that the second type of events can be associated with the translocation of free floating anti-EGFR aptamers in the solution. To rule this out, another experiment was carried out to record pulses for the translocation of anti-EGFR aptamer alone through the same nanopore. For this purpose, anti-EGFR aptamer was introduced into the negative side of the nanopore and no current blockage events were observed for this case (Figure 2(b) ). There can be multiple reasons for that,the strongest being that a 40 nm nanopore is too large to detect the translocation of aptamer (few nanometers in size [43, 44] ). Nanopore size should be close to the size of the target for detection [12, 13, 15] . In that case, even if aptamer were indeed translocating through the nanopore, their much smaller size than the nanopore made it unlikely to register any pulses. Another possibility was that the charge on the aptamer was much smaller than the overall charge of EGFR. So even if 50 mV was enough to exert sufficient electrophoretic force on the EGFR to translocate through the nanopore, it was not sufficient to electrophorese aptamer alone through the nanopore. In that case, aptamer did not go through the nanopore at all and hence there were no pulses. Though this is a less likely case but it can not be ruled out completely. In any case, the point here is that, out of the two types of events that were observed for the translocation of EGFR after incubating it with aptamer, one was due to the translocation of EGFR alone and the other was due to the translocation of complex and not the free floating aptamer.
Finally, to check the specificity of this assay, experiment was repeated with human α-thrombin protein instead of EGFR. First, thrombin was translocated through a 40 nm wide and 40 nm thick nanopore at 50 mV. Figure 4 (a) shows the current trace for thrombin translocation for 10 s duration. The average translocation time and average peak amplitude of the registered pulses from thrombin translocation were determined to be 68 ± 3.17 µs and 0.5 ± 0.15 nA, respectively. Thrombin (10.8 pM) was then incubated with anti-EGFR aptamer (10 µM) and sample was run through the same nanopore at 50 mV.
This time again, only one type of pulses were observed that were exact replica of those observed for thrombin only (without incubation with aptamer). The nanopore current trace for thrombin translocation after incubation with aptamer is shown in Figure 4 (b). Figures 4(c) and 4(d) show the scatter plots of the events recorded by the translocation of thrombinonly and thrombin+anti-EGFR aptamer complex, respectively. The two populations are exactly the same indicating that thrombin translocation profile remained same before and after incubation with aptamer. This is because no aptamer attached to the thrombin and thus no thrombin-aptamer complexes were formed.
The dynamics of protein translocation, in general, through bare as well as chemically-modified solid-state nanopores and the forces involved in this process have already been explored through simulations and experiments [14, 21, 34, 37, [45] [46] [47] [48] . EGFR translocation through the nanopore is not different from other proteins. At a pH of 8.2, carboxylic groups in EGFR molecules have negative charge whereas amines are protonated i.e. they attain positive charge. The isoelectric point (pI) for EGFR is 6.7 and at our buffer solution's pH the net charge on EGFR molecule is negative [49] . Due to this charge, after applying biasing voltage, electrophoretic force (EP) pushes the EGFR molecules towards the positive electrode in the other compartment [50] . The velocity of this moving molecule can be calculated using Smoluchowski's equation [51, 52] : ν EP = (ε/η)ζ pro .E where 'ν EP ' is the electrophoretic velocity of EGFR molecule, 'ε' is the dielectric constant, 'η' is the solution viscosity, 'ζ pro ' is the zeta potential for protein molecule and 'E' is the electric field. Electroosmotic flow (EO) in the electrolyte also affects the dynamics of the EGFR movement in nanopores. In some cases, EO can also cause a reverse flow of the proteins [47] i.e. negatively charged protein molecules will start moving towards the negative side, opposite to the EP. Reverse flow of the EGFR molecule was not observed in the experiments that meant that EO was either in the direction of EP or even if it was opposite to EP, it was not sufficient to counteract the EP. EP solely was dominant factor in governing EGFR direction of flow.
The overall translocation process can be split into two stages; (1) Capture step, and (2) Actual translocation through the nanopore. For a 40 nm pore, the capture of EGFR molecule will be diffusion controlled as opposed to the barrier-limited case. The dynamics of this diffusion controlled capture step can be calculated with the Smoluchowski's diffusion equation [40, [51] [52] [53] : J = 2πcDr p , where 'J ' is the rate at which the EGFR arrives at the nanopore entrance, 'c' is the bulk analyte concentration, 'D' is the diffusion constant and 'r p ' is the nanopore radius. Once EGFR has entered the nanopore, the translocation depends upon the zeta potential of the EGFR molecule and of the nanopore [50] . Cressiot et al. simulated the interaction of proteins with nanopore walls formed by focused ion beam (FIB) as well as TEM. They found that due to the absence of dangling atoms [54] and rearrangement of silica in nanopores formed by TEM, the interaction between proteins and nanopore walls was very weak [48] . Blockage time, t b = L/ν EP ('L' is nanopore channel length) is a function of the applied voltage [48] as well as the charge of the translocating species [19, 47] . Increasing either of these would increase the EP on the EGFR molecules and hence will decrease the blockage time and vice versa. At fixed applied bias of 50 mV, the pulses were pretty consistent in their widths i.e. translocation time or blockage time for EGFR translocation. Coagulation of molecules, if present, would have either blocked the nanopore completely or much longer translocation times would have been present [45] . However, none of such events were observed so it can be concluded that no EGFR coagulation occurred under these experimental conditions. Concurrent translocations of multiple EGFR molecules were observed though, but these events were very few and were mathematically discarded from the analysis. From single EGFR translocation events, very consistent pulse depths were observed. This was a clear indication of the uniform excluded volume of the EGFR molecules.
The specificity of anti-EGFR aptamer for EGFR and their attachment chemistry is quite well established [35, 36, 55] . When EGFR was incubated with the aptamer, they formed a complex with 1:1 stoichiometry. The estimated pI for aptamer was 5.5, at pH 8.2 it had almost the same charge as that of the EGFR. The attachment of EGFR with aptamer enhanced the overall charge of the complex. This also increased the mass of the complex than just EGFR alone. These changes influenced the overall dynamics of the complex translocation through the nanopore and made the translocation profile of complex different from that of EGFR. The additional charge of the complex very well explains the faster translocation of the complex through the nanopore. One might argue here that due to the additional mass it might be possible that the complex actually moved slower than the EGFR. However this was not the dominant factor in determining the translocation profile of the complex [37] . The overall change in charge was much more than the overall change in mass after the binding of aptamer with EGFR. That is why much more shift in the translocation time was observed than the peak amplitudes between the pulses associated with complex and EGFR-only translocation.
The shifting of the EGFR translocation behavior, as the molar concentration of aptamer increased, can be explained again with Smoluchowski's diffusion equation. According to this equation, the capture rate 'J' increases by increasing the analyte concentration 'c' in the solution. In Figure 3(d) , the event rate is low for complex and higher for EGFR but as we increased the aptamer molar concentration, many more complexes were formed causing the event rate for them to shoot up (Figures 3(e) and 3(f) ). No complexes were formed with thrombin and the translocation profile remained the same as before when no aptamer was involved.
The nanopores depicted a very selective and sensitive framework for label-free detection of EGFR from a sample. The use of bare nanopore made the process very simple and provided much more flexibility in the choice of nanopore size, unlike functionalized nanopore in which the ligand would be tethered inside the nanopore walls and the target must interact with the nanopore walls [37] . A functionalized nanopore is usable for one type of target and functionalization itself is a time consuming and labor extensive process. The use of bare nanopore with ligands to bind specific targets in solution increases the usability of the device since the same device can be used for multiple targets. There are no stringent limitations on the size of the nanopore as well.
III. MATERIALS AND METHODS

Materials:
Recombinant Human EGFR/ErbB1 Fc Chimera, CF (EGFR ~134 KDa) was purchased from R&D Systems and human α-thrombin (Thrombin ~37 KDa) was purchased from Abcam, plc. Anti-EGFR aptamer had the sequence: GGGCGCUCCGACCUUAGUCUCUGUGCCGCUAUAAUGC ACGGAUUUAAUCGCCGUAGAAAAGCAUGUCAAAGCCG GAACCGUGUAGCACAGCAGAGAAUUAAAUGCCCGCCA UGACCAG [36, 56] . All other chemicals were obtained from Sigma-Aldrich unless specified otherwise.
Nanopore Fabrication and Electrical Measurements:
The nanopore of 40 nm diameter and 40 nm length (Figure 1(a) ) was used for all the translocation experiments. The nanopore was drilled in a thin suspended silicon nitride membrane by focusing an electron beam of a TEM. Nanopore diameter was controlled by the exposure time [57] . The detailed fabrication process for membranes is reported elsewhere [58] . The nanopore chip was sandwiched between two PDMS gaskets that were further sandwiched between two Teflon blocks that contained the electrophoresis buffer solution. Protein unfolding has strong dependence on the applied voltage [21, 48] . To keep proteins in their native states and to avoid any unfolding all the translocation experiments were done at a very low voltage i.e. 50 mV. For current measurement and to apply the voltage, Ag/AgCl electrodes were immersed in the buffer solution and were connected to Axopatch 200B through the headstage. Current recording was done at a bandwidth of 250 kHz whereas filtering was done at 100 kHz with a lowpass Bessel filter. A custom made MATLAB routine [59] was used for the analysis of the data. The t-test was done for statistical analysis.
In-solution Binding of EGFR and Aptamer: EGFR and anti-EGFR aptamer were mixed in the binding buffer (Figure 2(c) ). The binding buffer constituted of 1X PBS and 5 mM/l MgCl 2 . Three separate mixtures were prepared by mixing EGFR and anti-EGFR aptamer in different concentrations. In mixture 1, 8 µl of 50 ng/ µl (3 pM) EGFR was mixed with 0.5 µM aptamer. In mixture 2 and 3, EGFR concentration was kept same as mixture 1 but aptamer concentration was 4 µM and 10 µM, respectively. The mixtures were incubated at 37 °C for 10 minutes and then placed in freezer (0-4 °C) for 5 minutes. The details on binding dynamics have been explained before [36] . For control experiments, 8 µl of human α-thrombin protein at 50 ng/µl (11 pM) concentration was also mixed with anti-EGFR aptamer (10 µM) and was incubated first at 37 °C for 10 minutes and then at 0-4 °C for 5 minutes.
IV. CONCLUSIONS
In summary, the use of nanopore based resistive-pulse sensors for rapid and reliable detection of EGFR has been presented. Due to high single molecule sensitivity of nanopore sensors, a very small amount of EGFR has been detected. EGFR overexpression, though an early biomarker for different types of cancers, have not yet been utilized properly for early cancer detection. Available methods are either not sensitive enough to detect very small changes in the quantities of EGFR or require elaborate preparation. The simple preprocessing steps make the presented approach suitable for lab settings in resource-poor regions and may provide cheap cancer screening options. The methodology can be further expanded for the detection of other biomarkers as well if there are matching ligands available. Additionally this technique can be used to determine the affinity of the aptamer-protein complex as well.
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